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Abstract 
A validated method has been developed for the simultaneous measurement of reduced and oxidized 
glutathione in de-proteinised cellular extracts. This has been used to compare models of malignant 
and non-malignant human prostate cell lines. Analysis of LNCaP and DU145 cells showed a 
GSH:GGSG ratio of 8:1 and 32:1 respectively, whilst the control cell line, PZ-HPV7 displayed a ratio of 
93:1. Results indicate that the more aggressive phenotype displays adaptation to increased oxidative 
stress via up regulation of GSH turnover. It was also noted that in the LNCaP and DU145 cell line, 
glutathione was only responsible for ca. 60 % and 79 % respectively, of the total cellular reduced 
thiol, indicating the presence of other biological thiols. 
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Introduction  
Prostate cancer (PCa) currently affects 1 in 9 men over the age of 65, and is the most prevalent 
cancer affecting men [1-4]. The incidence of PCa is strongly associated with aging, and therefore 
progressive metabolic changes in cells may play an important role in PCa development [5]. 
Additional factors including genetic predisposition, androgen sensitivity, diet and lifestyle have also 
been shown to correlate with the development of the disease [5-7].   
There is increasing evidence from the literature suggesting oxidative stress is implicated in 
development and progression of the disease [8, 9]. Often, changes in cellular redox state towards a 
position of increased oxidative stress are associated with initiation of carcinogenesis [10, 11]. The 
nature of this association is noted to be complex, as transformed cells in turn are shown to generate 
increased levels of pro-oxidants, specifically reactive oxygen species (ROS), which at chronic levels 
are initiators of cell death [12, 13].  
Maintaining normal cellular redox state relies on a balance between pro-oxidant species and 
antioxidants. Glutathione is the major non-protein thiol found in nearly all mammalian tissues and is 
vital in maintaining redox balance by neutralising oxidising species [14-16]. Normal resting 
intracellular glutathione: glutathione disulphide ratios (GSH:GSSG), of approximately 100: 1 have 
been reported, whereas this ratio in models of oxidative stress is reduced to 10: 1 [14, 17]. In cancer 
cell studies it is therefore evident that the measurement of GSH:GSSG, is important in determining 
the cellular redox status; a shift to increased GSSG being representative of an increased oxidative 
environment [11].     
The desire to quantify GSH and GSSG has produced numerous methods to analyse the levels in 
plasma, urine, saliva and tissues [18-23]. Commonly, pre-column derivatisation is employed in order 
to improve chromatography and sensitivity. Additionally, many GSSG measurements are based upon 
the reduction of the disulphide followed by measurement of GSH [24]. In order to avoid sample pre-
treatment some investigators have utilised electrochemical detection (ECD) to directly and 
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simultaneously measure GSH and GSSG [25, 26]. The sensitive nature of ECD lends itself to the 
analysis of GSSG which can be difficult to measure due to its low endogenous concentration.  
Recently, the development of a boron-doped diamond electrode (BDD) has been shown to  
overcome some of the classic problems associated with carbon electrodes used in ECD, such as; 
instability of response when using high potentials necessary for disulphide analysis, high background 
noise from oxidation of aqueous mobile phase, and loss of sensitivity due to adsorption of material 
onto the electrode [27, 28]. 
Direct measurement of the GSH:GSSG control and disease state cell extracts would provide a 
valuable insight into the redox state of tumour cells. To our knowledge, these measurements are not 
reported for prostate cancer cell lines. Therefore we report the following sensitive and unambiguous 
method for the measurement of GSH:GSSG in cellular extracts. 
Materials and Methods 
Chemicals 
Analytical grade glutathione reduced, glutathione oxidized, cysteine, methionine, cysteinylglycine 
reduced,  55 dithiobis-(-2-nitrobenzoic acid), monosodium phosphate , sodium hydroxide pellets, 
sodium 1-octanesulfonic acid, phosphoric acid solution and trichloroacetic acid were purchased from 
Sigma-Aldrich Co, (Poole, Dorset, UK).  Electrochemical analysis grade acetonitrile was purchased 
from Fischer Scientific, (Loughborough, UK). Ultrapure, 0.2 µm filtered 18.2 mΩ-cm2 water was 
obtained from a Diamond Lab Water System (Triple Red Laboratory Technology, Bucks, UK).  
Cell lines 
Cell lines were selected to represent prostate cancer models from healthy (PZ-HPV-7) to malignant 
androgen sensitive (LNCaP) and androgen insensitive metastatic (DU145). The PZ-HPV7 Human 
Prostate, HPV-18-transfected control cell line (ATCC®-CRL 2221 1), LNCaP clone FGC, a human lymph 
node derived prostate carcinoma cell line (ATCC®-CRL-1740), and DU145, derived from a brain 
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metastatic site (ATCC®-HTB-81), were obtained from LGC Standards (Middlesex, UK). Cells were 
received as frozen ampoules, and were revived according to the manufacturers protocol. 
1.1.1 Cell Culture 
Cells were incubated in vented cap culture flasks under a humidified atmosphere of 5 % CO2 at 37 °C, 
and were sub-cultured 1:3 every 3-5 days when confluence had reached 80 %. Spent media was 
discarded and the monolayer washed once with phosphate buffered saline. The cells were removed 
from the flask by addition of trypsin EDTA solution (Sigma Aldrich). An equal volume of trypsin 
soybean inhibitor (Sigma Aldrich) was added to PZ-HPV7 cells. The cell pellet was collected by 
centrifuging at 1000 rpm for 5 minutes, and was re-suspended in sufficient fresh growth media to 
give a seed density of 2x10
6
 for a T-75 set-up. PZ-HPV7 cells were grown in keratinocyte serum-free 
media (K-SFM) containing 0.05 mg/ml bovine pituitary extract (BPE) and 5 ng/ml human 
recombinant epidermal growth factor (EGF), (Invitrogen (GIBCO) kit catalogue number 17005-042.) 
DU145 cells were grown in Eagles Minimum Essential Medium (EMEM), (ATCC® 30-2003.) LNCaP 
cells were grown in RPMI-1640 growth media, (ATCC® 30-2001.) Penicillin Streptomycin solution 
(10,000 units penicillin, 10 mg streptomycin/ml) was added to each growth media at a concentration 
of 2 % 
v
/v. EMEM and RPMI were supplemented with 10 % 
v
/v heat inactivated foetal bovine serum 
(Biosera, Labtech International Ltd, East Sussex.) 
1.1.1 Cell Harvesting & Quenching 
Cells were harvested at 80 % confluence with trypsin and re-suspended in a small volume of fresh 
growth media or trypsin soybean inhibitor. Cell counting was performed using a C-Chip® disposable 
haemocytometer (Labtech International Ltd, East Sussex). Cells were pelleted by centrifugation at 
1000 rpm for 5 minutes. The pellets were immediately re-suspended in 1 ml of ice cold 0.9 % 
w
/v 
NaCl solution to quench the metabolism and wash the pellet. The cell were transferred to 1.5 ml 
micro-centrifuge tubes and centrifuged at 1000 rpm for 5 minutes. The supernatant was removed by 
gentle aspiration and the pellets were frozen at -80 °C until extraction 
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1.1.2 Preparation of Acid Soluble Fraction 
Frozen cell pellets from each cell line were defrosted at +4 °C and re-suspended in 1 ml of 10 % 
w
/v 
trichloroacetic acid (TCA) in water. The cell suspensions were vortexed on full power for 10 seconds 
to ensure complete mixing. Cells were lysed on ice using a Soniprep (MSE UK Ltd, London) sonic 
probe set at 18 micron amplitude with a 10 second on pulse followed by a 10 second off period for 5 
cycles. The tubes were vortexed for a further 30 seconds then left on ice for 30 minutes. The tubes 
were then centrifuged at 15,000 rpm at 4 °C for 20 minutes. The supernatant was collected and 
stored on ice. The cell pellet was re-extracted with half the original volume of 10 % 
w
/v TCA as above, 
and the supernatant was combined with the first extract. The combined ASF was frozen at -80 °C 
until analysis. 
Sample Preparation 
Individual stock standards were prepared in 10 % 
w
/v trichloroacetic acid (TCA) and stored at +4 ˚C 
for a maximum of 1 week. Further dilutions were prepared in 10 % 
w
/v TCA. ASF was defrosted at +4 
o
C and vortexed for 1 minute before transferring to an injection vial. All standards and samples were 
filtered prior to injection using nylon filter vials (Thomson Instrument Company, California, USA). 
Total Thiol Determination 
Total free thiol content was determined based upon reaction with DTNB (Ellmans reagent) [29]. 
Ellmans reagent was prepared by dissolving 55 dithiobis(-2-nitrobenzoic acid) (DTNB) in 0.4 M 
sodium phosphate buffer, pH 7.6, to a concentration of 100 µg/ml. Calibration standards were 
prepared by serial dilution of the GSH stock solution. 100 µL of standard solution or ASF was added 
to 1900 µL of DTNB reagent and mixed on a vortex mixer for 30 seconds. Absorbance at 412 nm was 
read immediately in a 1 cm quartz cell using a double beam spectrophotometer (Perkin-Elmer, Seer 
Green, UK) against a blank of DTNB solution.  
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High Performance Liquid Chromatography 
Isocratic reversed phase HPLC was carried out on an integrated Agilent 1290 UHPLC system (Agilent 
Technologies, Delaware, USA), using a Gemini-NX C18 column (100 mm x 4.6 mm ID, 3 µm), 
(Phenomenex, Cheshire, UK). Column temperature was automatically regulated at 35 ˚C. Data was 
collected and analysed using ChemStation Software (Agilent Technologies, Delaware, USA). The 
mobile phase was 25 mM sodium phosphate in water (pH 2.65), and MeCN [96:4], containing 2 mM 
1-octanesulfonic acid.  The flow rate was maintained at 0.7 ml/min and the run time was 20 mins, 
with a post time of 10 mins to allow for electrode re-equilibration following the clean cell operation. 
1 µL injections were performed by the integrated Agilent autosampler, which incorporated a 10 
second needle wash with mobile phase. 
Electrochemical Detection 
Detection was performed using an ESA 5040 analytical cell equipped with a BDD electrode operating 
at +1400 mV (vs. Pd reference), and programmed with a pre injection clean cell operation at +1900 
mV for 50 second. An ESA 5020 guard cell was operated at +900 mV between the pump and 
autosampler to pre-oxidise the mobile phase. An ESA CoulArray® system was used to organise 
signals, and CoulArray Data Station Software (Thermo-Scientific, Waltham, MA, USA) was used to 
acquire data and manage the electrodes. 
Results and Discussion 
Validation 
Method Validation was performed in accordance with the Federal Drug Administration (FDA) 
guidelines for Bioanalytical Method Validation [30]. This was chosen as it is more specific for 
bioanalytical methods compared to the ICH guidelines for Validation of Analytical Procedures [31]. 
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Lower Limits of Detection 
The lower limits of detection (LLOD) were established for GSH and GSSG by sequentially reducing the 
concentration of a standard mix until a signal to noise ratio of 3:1 was achieved for each analyte 
using triplicate injections. LLOD for GSH and GSSG were determined at 1.2 and 1.1 nM respectively. 
Lower Limits of Quantitation & Precision 
The lower limits of quantitation (LLOQ) and the intraday precision were assessed simultaneously by 
injection of a mixed standard of each thiol at twice the LLOD concentration. The retention time and 
analyte peak area response for each thiol were measured over six consecutive injections and 
coefficient of variation was calculated. Variation values of < 1 % were achieved, demonstrating high 
precision. Interday precision was assessed by six injections of a standard solution containing 0.05 
mM GSH and GSSG over six consecutive days, and calculating the coefficient of variation of the signal 
peak area response for each LMWT. Between injections the sample was capped and stored at +4 °C. 
RSD values of < 20 % were obtained, complying with biological method validation (Table 1). 
Table 1: LLOQ and Precision Data 
 
Linearity 
Linearity was assessed by triplicate 1 µL injections of mixed LMWT standards over a range of 
concentrations from the LLOQ for each LMWT up to a concentration at which the response is no 
longer deemed to be linear.  This was indicated by a decrease in the R
2
 value of the trend line, using 
a minimum of 6 data points. Investigations of the plots confirm linearity over the stated 
concentration range, as shown by minimum R
2
 values of 0.99 and 0.98 for GSH and GSSG 
respectively. 
Table 2: Linearity Validation Data. 
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HPLC-ECD Analysis of ASF 
Analysis of the ASF samples confirmed the presence of reduced and oxidised glutathione in both all 
cell lines. The method provides resolution of these analytes from the complex matrix in less than 20 
minutes (Figure 1). 
FIGURE 1 
 
Calibration plots were used to determine the concentration of the analytes in the ASF. The levels of 
GSH and GSSG were determined to be 84.1 nM and 0.9 nM respectively in PZ-HPV7 ASF, 44.5 nM 
and 5.9 nM in LNCaP ASF and 240.4 nM and 7.6 nM in DU145 ASF. These concentrations were then 
translated using cell counts to reflect the cellular content of GSH and GSSG in each cell line (Table 3). 
 
 
Table 3: Quantitation results as determined by external standard calibration and Ellman Assay 
 
The data demonstrate that GSH contributes to nearly 99 % of the total free thiol present in PZ-HPV7 
cellular extract, with a GSH:GSSG ratio of 89:1, which is near to the expected of ratio of 100:1 
observed in resting cells [17]. In contrast LNCaP cells exhibited a diminished GSH:GGSG ratio of 8:1, 
which is indicative of increased oxidative stress as would be expected when cell growth is 
upregulated in cancer cell lines [13, 32]. However, DU145 exhibited a higher GSH:GSSG ratio of 32:1 
compared to LnCap despite an increased malignant phenotype, associated with a significant increase 
in intracellular GSH concentration (47.45 femtomole/cell), 6.7 fold and 5.5 fold higher than that 
measured in LNCap and the control cell lines respectively. 
A hallmark of cancer cell energy metabolism is the shift towards a high rate of glycolysis and a 
defective Krebs cycle, known as the Warburg effect [33], combined with a flux of glucose towards 
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the pentose phosphate pathway (PPP), a major source of NADPH required for glutathione reductase 
activity [34-36] (Figure 2). 
FIGURE 2 
Further more, whilst GSH accounts for nearly 100% of free thiol in the control cell line, its 
contribution reduces to 59.02 % in LNCap and 78.82 % in DU145, indicating that additional LMWT 
are present. Due to the up-regulation of glutathione synthesis and antioxidant activity it is likely that 
the turnover of precursor thiol metabolites might be increased in LNCaP and DU145 cells. Cysteine 
and cysteinylglycine are free thiols found in the glutathione cycle with the ability to take part in 
redox reactions and react with Ellmans reagent. Therefore it is possible that these thiol metabolites 
contribute to the remaining free thiol in LNCaP cells. Other reporters have also indicated that 
glutathione increase in response to increased ROS in metastatic cell lines [38, 39], and that it 
contributes to a reduced percentage of the total free thiol in LNCaP cells [40]. 
Taken together, our data reflect an adaptation of malignant cells to resist against oxidative stress 
owing to stimulation of GSH synthesis and increased regeneration of GSH after oxidation which 
would otherwise deplete GSH level and lead to cell death [41]. 
Further work is currently underway to identify and quantify the other contributing thiols as part of a 
wider study to investigate the potential roles of these thiols in PCa development. 
Conclusion 
A validated ECD method has been used for the simple, direct and simultaneous determination of 
GSH: GSSG in the complex matrixes of cellular extracts without the need for sample pre-treatment. 
Analysis of representative models of prostate cancer malignancy was performed to better 
understand the role of oxidative stress and glutathione activity. Comparison of the immortalized 
normal cell line, PZ-HPV7 and the non-malignant/malignant cell lines, LNCaP and DU145, has 
confirmed important metabolic differences with respect to GSH and GSSG content, as would be 
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expected when proliferation is increased. LNCaP displays evidence of increased oxidative stress as 
shown by the increased GSH: GSSG ratio compared to the levels shown in PZ-HPV7, whilst DU145 
exhibited increased antioxidant capabilities, indicating that the more aggressive phenotype displays 
adaptation to increases oxidative stress. 
Acknowledgements 
The authors would like to thank the Cambridge Cancer Research Fund for supporting and funding 
the research. 
References 
1. Bray, F., et al., Global estimates of cancer prevalence for 27 sites in the adult population in 
2008. Int J Cancer, 2013. 132(5): p. 1133-45. 
2. Siegel, R., et al., Cancer statistics, 2011. CA: A Cancer Journal for Clinicians, 2011. 61(4): p. 
212-236. 
3. Jemal, A., et al., Global cancer statistics. CA Cancer J Clin, 2011. 61(2): p. 69-90. 
4. Cancer Research UK . Org prostate cancer statistics. 2012  10.06.12]; Available from: 
http://info.cancerresearchuk.org/cancerstats/types/prostate/incidence/#geog. 
5. Ames, B., N., L. Gold, S., and W. Willett, C., The causes and prevention of cancer. Proc. Natl. 
Acad. Sci. USA, 1995. 92: p. 5258-5265. 
6. Edwards, S.M., et al., Two Percent of Men with Early-Onset Prostate Cancer Harbor Germline 
Mutations in the BRCA2 Gene. The American Journal of Human Genetics, 2003. 72(1): p. 1-
12. 
7. Parsons, J.K., et al., A randomized trial of diet in men with early stage prostate cancer on 
active surveillance: Rationale and design of the Men's Eating and Living (MEAL) Study 
(CALGB 70807 [Alliance]). Contemporary Clinical Trials, 2014. 38(2): p. 198-203. 
8. Khandrika, L., et al., Oxidative stress in prostate cancer. Cancer Letters, 2009. 282(2): p. 125-
136. 
9. Reuter, S., et al., Oxidative stress, inflammation, and cancer: How are they linked? Free 
Radical Biology and Medicine, 2010. 49(11): p. 1603-1616. 
10. Ripple, M.O., et al., Prooxidant-antioxidant shift induced by androgen treatment of human 
prostate carcinoma cells. J Natl Cancer Inst, 1997. 89(1): p. 40-8. 
11. Ekshyyan, O. and T.Y. Aw, Decreased susceptibility of differentiated PC12 cells to oxidative 
challenge: relationship to cellular redox and expression of apoptotic protease activator 
factor-1. Cell Death Differ, 2005. 12(8): p. 1066-1077. 
12. Schumacker, P.T., Reactive oxygen species in cancer cells: Live by the sword, die by the 
sword. Cancer Cell, 2006. 10(3): p. 175-176. 
13. Traverso, N., et al., Role of Glutathione in Cancer Progression and Chemoresistance. 
Oxidative Medicine and Cellular Longevity, 2013. 2013: p. 10. 
14. Pastore, A., et al., Analysis of glutathione: implication in redox and detoxification. Clinica 
Chimica Acta, 2003. 333(1): p. 19-39. 
12 
 
15. Huber, W.W. and W. Parzefall, Thiols and the chemoprevention of cancer. Current Opinion in 
Pharmacology, 2007. 7(4): p. 404-409. 
16. Ortega, A.L., S. Mena, and J.M. Estrela, Glutathione in Cancer Cell Death. Cancers, 2011. 3(1): 
p. 1285-1310. 
17. Chai, Y.C., et al., S-Thiolation of Individual Human Neutrophil Proteins Including Actin by 
Stimulation of the Respiratory Burst: Evidence against a Role for Glutathione Disulfide. 
Archives of Biochemistry and Biophysics, 1994. 310(1): p. 273-281. 
18. Sakhi, A.K., et al., Simultaneous quantification of reduced and oxidized glutathione in plasma 
using a two-dimensional chromatographic system with parallel porous graphitized carbon 
columns coupled with fluorescence and coulometric electrochemical detection. Journal of 
Chromatography A, 2006. 1104(12): p. 179-189. 
19. Winther, J.R. and C. Thorpe, Quantification of thiols and disulfides. Biochimica et Biophysica 
Acta (BBA) - General Subjects, 2014. 1840(2): p. 838-846. 
20. Monostori, P., et al., Determination of glutathione and glutathione disulfide in biological 
samples: An in-depth review. Journal of Chromatography B, 2009. 877(28): p. 3331-3346. 
21. Bald, E., et al., Analysis of plasma thiols by high-performance liquid chromatography with 
ultraviolet detection. Journal of Chromatography A, 2004. 1032(12): p. 109-115. 
22. Cevasco, G., et al., An improved method for simultaneous analysis of aminothiols in human 
plasma by high-performance liquid chromatography with fluorescence detection. Journal of 
Chromatography A, 2010. 1217(14): p. 2158-2162. 
23. Iwasaki, Y., et al., Analysis of glutathione and glutathione disulfide in human saliva using 
hydrophilic interaction chromatography with mass spectrometry. Journal of Chromatography 
B, 2006. 839(12): p. 74-79. 
24. Tietze, F., Enzymic method for quantitative determination of nanogram amounts of total and 
oxidized glutathione: applications to mammalian blood and other tissues. Anal Biochem, 
1969. 27(3): p. 502-22. 
25. Khan, M.I. and Z. Iqbal, Simultaneous determination of ascorbic acid, aminothiols, and 
methionine in biological matrices using ion-pairing RP-HPLC coupled with electrochemical 
detector. Journal of Chromatography B, 2011. 879(25): p. 2567-2575. 
26. Khan, A., et al., A new HPLC method for the simultaneous determination of ascorbic acid and 
aminothiols in human plasma and erythrocytes using electrochemical detection. Talanta, 
2011. 84(3): p. 789-801. 
27. ESA Application Note: A Global Method for the Determination of Tissue Thiols, Disulfides 
and Thioethers using a Novel Boron-Doped Diamond Electrode. 2011. 
28. Luong, J.H.T., K.B. Male, and J.D. Glennon, Boron-doped diamond electrode: synthesis, 
characterization, functionalization and analytical applications. Analyst, 2009. 134(10): p. 
1965-1979. 
29. Ellman, G.L., Tissue Sulfhydryl Groups. Archives of Biochemistry and Biophysics, 1959. 82: p. 
70-77. 
30. FDA. Guidance for Industry, Bioanalytical Method Validation.  [cited 2012 23.01.12]; 
Available from: http://www.fda.gov/downloads/Drugs/.../Guidances/ucm070107.pdf. 
31. Guideline, I.H.T., Validation of Analytical Procedures, in Text and Methodology2005. 
32. Mitchell, J., B. and A. Russo, The role of glutathione in radiation and drug induced 
cytotoxicity. Br. J. Cancer Suppl., 1987. 8: p. 96-104. 
33. Diaz-Ruiz, R., M. Rigoulet, and A. Devin, The Warburg and Crabtree effects: On the origin of 
cancer cell energy metabolism and of yeast glucose repression. Biochimica et Biophysica Acta 
(BBA) - Bioenergetics, 2011. 1807(6): p. 568-576. 
34. Patra, K.C. and N. Hay, The pentose phosphate pathway and cancer. Trends in Biochemical 
Sciences, 2014. 39(8): p. 347-354. 
35. Jiang, P., W. Du, and M. Wu, Regulation of the pentose phosphate pathway in cancer. 
Protein & Cell, 2014. 5(8): p. 592-602. 
13 
 
36. Weinhouse, S., Glycolysis, respiration, and anomalous gene expression in experimental 
hepatomas: G.H.A. Clowes memorial lecture. Cancer Res, 1972. 32(10): p. 2007-16. 
37. Dickinson, D.A. and H.J. Forman, Cellular glutathione and thiols metabolism. Biochemical 
Pharmacology, 2002. 64(56): p. 1019-1026. 
38. Freitas, M., et al., Oxidative stress adaptation in aggressive prostate cancer may be 
counteracted by the reduction of glutathione reductase. FEBS Open Bio, 2012. 2(0): p. 119-
128. 
39. Lim, H.-W., et al., Up-regulation of defense enzymes is responsible for low reactive oxygen 
species in malignant prostate cancer cells. Exp Mol Med, 2005. 37: p. 497-506. 
40. Gronow, M., Studies on the Non-Protein Thiols of a Human Prostatic Cancer Cell Line: 
Glutathione Content. Cancers, 2010. 2(2): p. 1092-1106. 
41. Coffey, R.N.T., et al., Thiol-mediated apoptosis in prostate carcinoma cells. Cancer, 2000. 
88(9): p. 2092-2104. 
 
Figure Headings: 
Figure 1: BDD chromatograms showing representative injections of PZ-HPV7, LNCaP and DU145 ASF. Gemini-
NX C18 column (100 mm x 4.6 mm ID, 3 µm). Column temperature: 35 ˚C. Mobile phase: 25 mM sodium 
phosphate in water (pH 2.65), and MeCN [96:4], containing 2 mM 1-octanesulfonic acid. Flow rate: 0.7 ml/min. 
Detection: BDD +1400 mV. 
Figure 2: Neutralisation of peroxide by GSH and subsequent regeneration utilising NADPH [37]. 
 
 
